We have studied the production and annealing of det'ects produced by 1-MeV electron irradiation of »-type GaAs. Two ot these defects lie at 0.15 and 0.31 eV from the conduction band, respectively; in addition, there is at least one acceptor much closer to the valence band. The carrier-removal rate depends upon sample purity but is independent of the irradiation flux. The removal rate is also highly dependent upon the position of' the the Fermi level, an effect which is considered in some detail. At about 200'C, the detects recover in two stages, with the respective recovery rates given by A, t =3 X10 exp{ -1.2/kT) and A2 =1 X10' exp{ -1.6jkT) where the energies are in eV; A2 is somewhat dependent upon sample purity. In the highestpurity samples a reverse recovery phenomenon sometimes occurs, on about the same scale as
I. INTRODUCTION
Even though electron damage in GaAs has been investigated for nearly two decades, there still is a lack of consensus on its two most fundamental aspects: defect production rate and defect annealing. The defect production rate is generally determined from the free-carrier removal rate (dn/dg) The.
wide variation in the values of dn/dqh reported in the literature leaves open the question of whether the defect production rate itself varies or whether the proportionality between defect production rate and dn/d$ varies. In the area of defect annealing, no detailed study of defect annealing kinetics has been made since Aukerrnan's original study. ' Since highpurity GaAs epitaxial layers are now available, a more detailed investigation of annealing in this material is now possible.
This paper reports the investigation of defect production in 1-MeV electron-irradiated»-type GaAs.
In particular, the dependence of the defect production rate on fluence and the relationship between defect production rate and free-carrier removal rate are addressed. In addition, the annealing kinetics of the 200'C annealing stage (evidently associated with the Ga sublattice') are studied in doped and high-purity GaAs.
II. PROCEDURE
Most of the samples used in this work were highpurity, vapor-phase epitaxial (VPE) layers grown in our laboratory. In addition, several other VPE, liquid-phase epitaxial (LPE), and bulk GaAs samples were obtained from a variety of manufacturers. All expitaxial layers were grown on Cr-doped GaAs substrates. Electrical measurements were carried out using a standard, five-contact, Hall-bar configuration with indium contacts. The I-MeV electron irradiations were made at room temperature. When electrical measurements are used to monitor defect production in semiconductors, it is generally assumed that the free-carrier removal rate (dn/d$) is proportional to the defect introduction rate. It can be shown that this assumption is valid as long as the Fermi level is not significantly changed by the introduction of the defects. A general rule of thumb has been that dn/dQ is proportional to the defect introduction rate if the initial free-carrier concentration is changed by less than 10'/0. This convention has been observed in this work.
III. RESULTS
A. Production Figure 1 shows the free-carrier removal (4n) as a function of fluence for a large number of GaAs samples surveyed in this work. As stated earlier, the samples (bulk, VPE and LPE) were obtained from several sources and contained different dopants. Two features of these data are of particular interest. First, almost without exception defect production is less than linear with fluence. (For the few samples which did exhibit linear production, it was found that subsequent annealing and then further irradiation gave not only sublinear production but also a higher production rate. ) The average of all the data in Fig. 1 Fig. 1 pertain to doped samples, the production is also found to be sublinear in high-purity epitaxial layers. The second point of interest derived from Fig. 1 The solid line is obtained from a calculation based on a model which will be discussed later.
In Fig. 4 we show Arrhenius plots of data from one of our samples. The calculated energy levels of 0.15 and 0.31 eV, respectively, agree quite well with those of other samples studied here and in other laboratories. It should be noted that a third level has also been reported and a revie~by Lang' lists Aukerman's notation . ' Each substage is firstorder (see insert), i.e. , the recovery process can be described by Fig. 3 are not precise enough to preclude the presence of three levels in this region. By using data from both production and annealing studies, it is possible to extract information concerning the production rate of defects in each substage {A,~and A2). The data in Tables I and II, for (Table II) are obtained from the fraction of free carriers which recover in each of the two an»ealing substages; i.e. , Ally = An) + AI72. By using the known energy levels of the defects near the conduction band (i.e. , within 0.31 eV), the probability of electron occupation for each of them can be determined from the position of the Fermi level; thus, the introduction rates of the separate defects can be calculated. 1. 4 (9) where nq is the concentration of the radiationinduced defect, n r is the concentration of the mobile species trapped at a given time, and v is the release is sometimes seen in the A.~substage. These points will be discussed later.
To explain first-order annealing we must consider the following possible mechanisms:
(i) Frenkel-pair annihilation for which we would normally expect a prefactor vr=voN, 'exp(AS /k) =10" sec ', (ii) long-range migration to an "infinite" sink, for which we would expect vp « 10' sec ', with vp dependent upon the sink concentration; and (iii) the breakup of a complex, for which the observed activation energy is now a dissociation energy, rather than a motional energy. Mechanism (iii) could itself involve two different processes: (a) the breakup of an irradiationinduced defect; or (b) the breakup of a pre-existing complex which then releases a species capable of finding and annihilating the irradiation-induced defect. For mechanism (b) the moving species must be of semi-infinite concentration in order to give firstorder kinetics. For both mechamisms (a) and (b), v, = 10" sec ', unless and E2 are also isolated native defects associated with the Cja sublattice, such as Ga; or AsG, . The ES and H1 production rates vary from sample to sample and thus these defects are evidently complexes.
To account for three defects (E3, ES. and H1 ) annealing with the same kinetics (A,~) is very difficult unless we invoke mechanism (b). For if only one of them moves (say E3) how does it exactly annihilate the other two, especially with first-order kinetics? And it is certainly unlikely that all three either move or break up equally well at a given temperature. It seems more likely that a completely different species moves and annihilates all three defects.
Let us consider a simple version of how this might happen. Suppose that as a result of its growth process a crystal contains a concentration N, of a particular center which is capable of trapping some relatively mobile species, say Ga;. The N, may be impurities or dislocations of some type. Further suppose that the irradiation induces some defect, say VG"which can be annihilated by the mobile species. Then, in analogy with Eq. (5), the appropriate rate equation would be (detrapping) rate. Equation (9) One disturbing feature of this model is the assignment of E3 as a donor, which seems to be in conflict with the evidence that E3 is the Ga vacancy. That is, we would naively expect the Ga vacancy to be an acceptor, not a donor. Another candidate for E3 might be As~"but independent evidence for this assignment is lacking. In short, there are still many questions to be resolved before a totally acceptable model can be established.
V. SUMMARY
Our study of the production and annealing of electron-irradiated GaAs has led to the following conclusions:
(i) Room-temperature defect production is nearly always sublineal with fluence. This can be explained by a simple model of stable (or nearly stable) Ga vacancies competing with traps and sinks for the mobile Ga interstitials.
(ii) The wide variation is reported free-carrier removal rates cannot be accounted for by a flux dependence. Some of the variation is probably due to the formation of defect-impurity complexes, which may include E5 and H1. Another factor, quite important in high-purity samples, is the position of the Fermi level, which can change the proportionality between the defect-production rate and the carrier-removal rate, (iii) The 200'C annealing stage includes two firstorder substages with annealing rates close to those reported in the literature. Besides being first order, the first substage (A.t) 
